Abstract: Swiss Federal Institute of Technology developed a simple method to evaluate seismic vulnerability of reinforced concrete buildings with structural walls using an engineering approach. The objective of this research was the evaluation of the developed method through the capacity curve with a focus on the buildings with frame action due to the coupling of the walls by piers and spandrels. For this purpose, a numerical model of a six-story reinforced concrete structure with sixteen structural walls was created in two directions and nonlinear static analysis was performed to obtain the capacity curve under different lateral load patterns. It was found that there is an appropriate overlap between the numerical model and developed method in terms of capacity curve and vulnerability.
INTRODUCTION
Reinforced concrete structures with the structural walls are often classified into three types: structural wall systems with negligible frame action, Structural wall systems with separate frame action, and structural wall systems with frame action due to the coupling of the walls [1] . The first type includes slender reinforced concrete walls, which carry lateral loads and columns carry gravity loads without frame-wall interaction. In the second type, a moment resisting frame is created in the structure by rigid connections between beams and columns, and the structural walls carry lateral loads. The third type consists of structural walls that carry both gravity and lateral forces. There are no gravity columns in this system. In fact, the and force diagram in the ultimate level [1] .
coupling between pier and spandrel carries lateral forces. Structural walls are also would potentially be arranged in a network of walls interconnected with each other to make a rigid box which is called shear core wall. The core is used to provide lateral stiffness required for the buildings in concrete frame structures [2] or non-concrete structures such as mass timber buildings [3, 4] .
In this paper, in addition to outlining the vulnerability assessment of the third type of structural wall systems, presented by Swiss Federal Institute of Technology [1] , an example of this type of structures was given and evaluated using nonlinear static analysis. To this end, structure capacity curves were derived using the analytical method. Generally, two methodologies can be utilized for deriving capacity curves: experimental and analytical. Two analytical methods of incremental nonlinear time history and nonlinear static (pushover) analysis are recommended for this purpose. Some researchers extracted the capacity curves of multi-story structures using incremental time history analyses [5] [6] [7] [8] [9] [10] Several time history analyses were conducted by applying different earthquake acceleration records and with different intensity scales. Although this method presents more realistic behavior of structures, it is very time consuming and more sensitive to the modeling and analytical parameters. Therefore, review of the literature reveals that nonlinear static analyses have gained more practical application instead of the nonlinear time history analysis [11] [12] [13] [14] [15] [16] [17] [18] [19] . To derive capacity curve in experimental tests, the loading increase step by step at the location of force until the final collapse of the structure or major drop in strength [20] [21] . In this study, the nonlinear static analysis was employed to derive the capacity curves of a reinforced concrete structure. Finally, a comparison between results from nonlinear static analysis and developed method by Swiss Federal Institute of Technology was made.
METHODOLOGY 2.1 Moment-Curvature Equation in the Reinforced Concrete Wall Section
In concrete wall sections, with the distribution of the reinforcement throughout the cross-section, moment-curvature equations can be roughly drawn as bilinear curves as described in Fig www.ijsea.com 3
 is the ductility of a wall and it is expressed as follows in terms of   :
According to Fig. 2 , which shows a moment-curvature curve for a wall with a single horizontal force, p l  is the height of the wall that the reinforcement starts to yield, in another word, it is the height with the yielding moment ( ()
Therefore, in the length of the wall where nonlinearity starts to develop. This length is called p l or the length of the plastic hinge.
Assuming linear expansion of curvature from
In the triangular distribution of lateral force, Eq. (9) is expressed as follows [1] :
lp: Length of the plastic hinge l'p: Height of region over which reinforcement has yielded
Reinforced Concrete Structural Capacity Curve
The structural capacity curve is a plot based on the base shear b V and the maximum roof displacement  , which is obtained from the superposition of the wall capacity curves. The bilinear wall capacity curve is defined by three parameters of the wall shear capacity m V , the yield displacement over the wall y  , and the final displacement over the wall u  . In the following, the method of determining the capacity curve for structural wall systems with frame action due to the coupling of the walls is explained.
The range of the coupling effect is expressed by a parameter that is called zero moment height [1] , which is a function of the spandrel flexural stiffness of the wall flexural stiffness
h is the height of zero moment and u M is the ultimate bending capacity of the wall, the shear capacity and yield displacement over the wall are determined by the following equations: 
The second part of the Eq. (12), shear ductility, is usually negligible. Given the Fig. (1) , the effective stiffness of the cracked section can be determined based on the momentcurvature curve:
The ultimate displacement at top of the wall u  is a function of the rotational ductility   and the type of mechanism.
Depending on the bending strength, joints may be formed in the spandrel or the pier [3] .
In the spandrel mechanism ( Fig. 3 (a) ) and the pier mechanism ( Fig. 3(b) 
With the insertion of the Eq. (12), for y  and ignoring the shear ductility, the ductility of the structural wall, for a combination of spandrel mechanism and the pier mechanism is equal to [3] :
In this way, the parameters defined in the bilinear capacity curve is determined by the coupling action. Building capacity curve is obtained in one direction from the superposition of the capacity curves of the walls in that direction. Fig. 4 shows a 6-story concrete building with structural walls. Each floor has a height of 3.4 meters and sixteen walls. Material properties are presented in Table 1 . These walls are classified into five types (A1 to A5), according to their positions and loading levels. The thickness of the slabs is 24 cm and the depth of the beams under the floor is 40 cm in the wall axis. The load on the floor is assumed to be 12.5 kN/m 2 by considering the wall weight. All existing walls in y-direction have a length of 2 meters, which is shown in its structural detail Fig. 4 (b) . In Table 1, and Table 2 , material properties and a summary of the results based on the presented equations for three types of walls in the y-direction are presented. Therefore, the bilinear capacity curves of these walls can be extracted, and consequently, the bilinear capacity curve of the building is obtained in the ydirection with superposition ( Fig. 5) [1] .
CASE STUDY BUILDING

Damage Definition in Accordance with European Macroseismic Scale (EMS)
Five levels of vulnerability are defined for the reinforced concrete structures, which are determined as specific points on the bilinear capacity curve of the structure [1] .
Damage level 1: At this stage, minor structural and nonstructural damages are observed. In fact, at this stage, cracks appear at the base of the walls. To determine this stage, the shear force, in which the first cracks appear, is calculated from the capacity curve. The critical moment (Mcr) occurs in Wall No. 1 is 905 kN, at the depth of 1.2 m ( 1.2 cr xm  ). The following results are obtained for the walls in the y-direction, using the presented equations (Table 3) . Therefore, in the smallest displacement, which is in Wall No. 1, the first crack ( 14 ) cr mm  appears. Thus, the sum of cr V is obtained for all the walls ( 1960 ) cr V kn  . Moreover, the coordinate of Dcr=14mm and Vcr=1960 kN on the capacity curve represents the point at which the building enters in the first stage of damage (Fig. 5 ).
Damage level 2 is a moderate damage which is defined as a level that partial structural damage and moderate non-structural damage occur. In fact, at this stage, the damage appears as the cracks in the structural walls. Before this stage, the behavior of the structure is linear and at this stage, the building starts to behave nonlinearly. To determine the coordinate of the capacity curve, the displacement where the first wall enters into the yielding stage Vb=9570 kN) . Therefore, the mentioned point with a displacement of 68 mm and a load of 9570 kN is the location on the curve where the structure has entered into the damage level 2 (Fig. 5 ).
Damage level 3 is the severe damage initiation which moderate structural damage and severe non-structural damage happen. At this stage, a spalling of concrete and buckling of reinforcements occurs. The structure extends into the nonlinear region and finally the last wall yields. 
Numerical modeling
SAP2000 program was used to conduct the nonlinear static analysis for the building [22] . The column elements are used to model the structural walls [23] . Thus P-M interaction diagrams are produced for each column element. The floor diaphragms of the building are assumed to be rigid. Due to the problems related to numerical convergence, the columns and wall elements were divided into three parts. The shear and flexural hinges are considered in the numerical model as well. The numerical model subjected to three different lateral load patterns including uniform acceleration, IBC lateral load distribution, and first mode of vibration. After performing nonlinear static analysis, the structural capacity curves were extracted as shown in Fig. 7 . The resulted capacity curves show a good agreement between the results of nonlinear static analysis under different lateral load patterns and the developed method by Swiss Federal Institute of Technology.
CONCLUSION
1. The capacity curve resulted from the uniform acceleration load pattern shows more vulnerability than the developed method by Swiss Federal Institute of Technology.
2. The capacity curve resulted from the IBC lateral load distribution shows less vulnerability than the developed method by Swiss Federal Institute of Technology.
3. Comparing between capacity curves obtained from the developed method by the Swiss Federal Institute of Technology and the nonlinear static analysis for all considered lateral load patterns shows that the proposed method appropriately estimates the capacity curve of concrete reinforced building with coupling between pier and spandrel.
4. Using structural walls with the frame action due to coupling behavior between the spandrels and piers can be considered as a reliable earthquake resisting system for high seismic regions for carrying the lateral and gravity load.
